AAvmcr-Phenomena associated with the propagation and manipulation of light in thin-fh dielectric waveguides are presently the object of q d e n b l e reseuch effort, directed towrat possiile appliations in communications and information pmcesbg. The theory of dieleclric waveguide modes is reviewed, and the topics of directional coupling, input-output coupling, modulation, md distniuted feedback laser sources are treated on the basis of coupled-mode t hemy. A summary of experimental results for each of the guided-wave optical phenomena covered by the theory is also presented.
I. INTRODUCTION
T HE TRANSMISSION and manipulation of optical power has long been the basis of a considerable industry as well as of substantial academic endeavor. The advent of the laser in 1960 stimulated a great deal of interest in the study of the properties of confined Gaussian beams which are emitted by laser oscillators. The spatial coherence of the laser field made it possible, for the first time, to obtain substantial powers in optical beams whose diffraction spread very nearly approaches the theoretical limit. The manipulation of these beams, by and large, was still accomplished by the "classical" prelaser means. Optical systems incorporating laser sources today are comprised essentially of the same components to be found in conventional optical systems. The laser radiation in the form of a propagating Gaussian beam passes in succession through discrete optical components which are individually secured to a common bed.
An alternative approach to the manipulation of radiation has long been used in the microwave portion of the spectrum.
Here the guiding and processing of electromagnetic propagating beams is accomplished within low-loss (metallic) waveguides with cross-sectional dimensions comparable to the wavelength. These waveguides, which confine the radiation by repeated reflections from the walls, can propagate power at a given frequency in a number of spatially distinct modes with different phase (and group) velocities.
The possibility of applying the microwave approach to laser beams was suggested by the demonstration of discrete propagating modes in optical fibers by Snitzer and Osterberg [ 11 (1961) and by the demonstration by Yariv and Leite [ 21 and by Bond et al. [ 31 (1 963) of planar dielectric waveguides in GaAs p n junctions. A key experiment pointing the way to the control of such radiation was the modulation, by the electrooptic effect, of light guided by a p-n junction by Nelson and Reinhart [4] (1964) . The rapid developments in the field of T& invited paper is one of a series planned on topics of general interesr-The Editor. [ 71 (1969) led to the application of dielectric waveguiding principles in order to lower, dramatically, the threshold of GaAs injection lasers. Continuous room temperature operation was then possible, as demonstrated by Hayashi et al. [ 81 (1970) . It also showed the way to a new family of dielectric waveguide devices based on epitaxy, as illustrated by Hall et ~l . [ 91 ( 1970) . The main theme of the developments in this field since 1969 was the demonstration of various guiding mechanisms and guided-wave phenomena. Here we may note the work on prism couplers by Tien et al. [ 101 (1969) , and the work on grating couplers by Dakss et al. [ 111 (1970) , which effectively provided solutions to the problem of coupling Gaussian laser beams into and out of dielectric waveguides. The concept of distributed feedback lasers, introduced by Kogelnik and Shank [ 121 (1 97 l), seemed especially attractive as applied to lasers in guided-wave configurations, as illustrated by the corrugated epitaxial GaAs-GaAlAs lasers of Nakamura et d . [ 131 (1973) .
The feasibility of optical directional coupling was illustrated by Somekh e t QZ. [ 141 (1 973) in power transfer experiments involving channel waveguides produced by ion implantation.
The use of the term "guided wave optics" in the title rather than "integrated optics" stems from our desire to distinguish between the investigation of optical phenomena in waveguides, the main topic here, and the integration of a number of optical components in a single structure in order to perform complex functions [ 151 , [ 161, which we regard as the domain of integrated optics.
The purpose of the present paper is to review the main theoretical and experimental progress which has taken place in this field as well as to consider some of the more promising scientific and practical possibilities opened up by recent developments.
WAVEGUIDES AND WAVEGUIDE MODES

A . Materials and Fabrication Techniques
A variety of materials and fabrication techniques have been used to make thin-film dielectric waveguides. Ion exchange in glass was one of the earliest methods reported [ 
B. The Waveguide Modes [ 4 2 / , [43]
A prerequisite to an understanding of guided-wave interactions is a knowledge of the properties of the guided modes. A mode of a dielectric waveguide at a (radian) frequency w is a solution of Maxwell's propagation equation
subject to the continuity of the tangential components of E and H at the dielectric interfaces. In (1) the form of the field is taken as
where o E kc, and the index of refraction n(r) is related to the dielectric constant E @ ) by n2 (r) E E (~) / E o . Limiting ourselves to waves with phase fronts normal to the waveguide axis z , we have
The basic features of the behavior of dielectric waveguides can be extracted from a planar model in which no variation exists in one, say y , dimension. Channel waveguides, in which the waveguide dimensions are finite in both the x and the y directions, approach the behavior of the planar guide when one dimension is considerably larger than the other [44] , [45] .
Even when this is not the case, most of the phenomena discussed below are only modified in a simple quantitative way when going from a planar to a channel waveguide. Because of this and of the immense mathematical simplification which results, we will limit most of the treatment to planar waveguides such as the one shown in Fig. 1 .
Putting a / a y = 0 in (3) and writing it separately for regions 1, 2, and 3 yields: where E ( x , y ) is some Cartesian component of E ( x , y ) . Before embarking on a formal solution of (4) we may learn a great deal about the physical nature of the solutions by simple arguments. Let us consider the nature of the solutions as a function of the propagation constant 0 at some fixed frequency w . Let us assume that n2 > n3 > n l . For 6 > knz, i.e., region a in Fig. 2 , it follows directly from (4) that everywhere and E ( x ) is exponential in all three layers 1,2, and 3 of the waveguides. Because of the need to match both E ( x ) and its derivatives (see Section 114) at the two interfaces, the resulting field distribution is as shown in Fig. 2(a) . The field increases without bound away from the waveguide so that the solution is not physically realizable and thus does not correspond to a real wave. For kn3 < < knz, as in points b and c, it follows from (4) that the solution is sinusoidal in region 2, since (1/E) @ E / a x z ) < 0, but is exponential in regions 1 and 3. This makes it possible to have a solution E ( x ) which satisfies the boundary conditions while decaying exponentially in regions 1 and 3. These solutions are shown in Fig. 2(b) and (c). The energy carried by these modes is confined to the vicinity of the guiding layer 2 and we shall, consequently, refer to them as confined or guided modes. From the foregoing discussion it follows that a necessary condition for their existence is that knl , kn3 < fi < knz so that confined modes are possible only when n2 > nl , n 3 , i.e., when the inner layer possesses the highest index of refraction.
Solutions of (4) for knl < 0 < kn3 (region d ) correspond to exponential behavior in region 1 and to sinusoidal behavior in regions 2 and 3 as illustrated in Fig. 2(d) . We shall refer to these modes as substrate radiation modes. For 0 < p < knl , as in region e, the solution for E ( x ) becomes sinusoidal in all three regions. These are the so-called radiation modes of the waveguides.
A solution of (4), subject to the boundary conditions at the interfaces given in Section 114, shows that while can assume any value in regions d and e , the values of allowed in the propagation regime kn3 < < knz are discrete. The number of modes depends on the width t , the frequency, and the indices of refraction n l , n~, n 3 . At a given wavelength, the number of guided modes increases from 0 with increasing t . At some t , the mode TEo becomes confined. Further increases in t will allow TE1 to exist as well, and so on.
It is useful to view the wave in the inner layer 2 as a plane wave propagating at some angle 8 to the horizontal axis and undergoing a series of total internal reflections at the interface 2-1 and 2-3. This is based on (4b). Assuming Ex a sin [hx + a ] , we obtain pz + h Z = k2nZ.
( 5 )
The resulting right-angle triangles with sides 0, h, and knz are shown in Fig. 2 . Note that since the frequency is constant, knz E ( o l e ) nz is the same for cases b , c, d , and e . The propagation can thus be considered formally as that of a plane wave along the direction of the hypotenuse with a propagation constant k n z . As P decreases, 8 increases until, at J ¶ = kn3, the wave ceases to be totally internally reflected at the interface 3-2. The condition 0 = kn3 is identified by writing n3 = n2 cos 8, which is the geometrical optics condition for the onset of total internal reflection. The "radiation" modes of this structure, which are not confined to the inner layer, are not treated here, but are important to the discussion of grating and prism couplers in Section V.
The field component E , of the TE modes, as an example, obeys the wave equation
We take E, ( x , z, t ) in the form E , ( x , z , t ) = 8y (x)ei(wr-@z).
The transverse function &,(x) is taken as
which, applying ( 6 ) to regions 1, 2, 3, yields
From the requirement that E, and Hz be continuous at x = 0 and x = -t , we obtain' This equation in conjunction with (9) is used to'obtain the eigenvalues P for the confined TE modes. An example of such a solution is shown in Fig. 3 .
The constant C appearing in (8) is arbitrary, yet for many applications, especially those in which propagation and exchange of power involve more than one mode, it is advantageous to define C in such a way that total power is conserved. This point will become clear in Section 111. We choose C so that 
The continuity of H, and E, a t the two interfaces requires that the various propagation constants obey the eigenvalue 
COUPLING BETWEEN WAVEGUIDE MODES
A . The Coupled-Mode Equations
Many of the experimental situations of guided wave optics and especially those which involve exchange of power between modes can be treated by means of the coupled-mode approach. This formalism, introduced originally by Pierce [47] , describes the total propagating disturbance in a structure as a sum of (usually two) unperturbed modes of the system whose amplitudes vary with distance z due to some coupling between them. This point of view is fruitful when the z variation is slow, and has been applied to the description of different guided-wave phenomena [ 461. In the following section we will reproduce some of the main features of this formalism.
Consider two electromagnetic modes with, in general, different frequencies whose complex amplitudes are A and B . These are taken as the eigenmodes of the unperturbed medium so that they represent propagating disturbances a ( z , I ) =Aei(Wa'-&z) b(z, t ) =Bei(wbr*@bz) (19) where A and B are the complex normalized amplitudes which in the unperturbed structure are independent of z.
In the presence of a perturbation, power is exchanged between. modes a and 6 . The complex amplitudes A and B in this case are no longer constant but will be found to depend on z. They will be shown to obey relations of the type
The phase mismatch constant A merits some discussion. It is clear from the structure of (20) The coupling coefficients Kab and K b a are determined by the physical situation under consideration and will be considered below.
Before proceeding with specific experimental situations we may draw some general conclusions which apply to the large number of phenomena which are described by equations of the general form of (20).
B. Codirectional Coupling
We take up, first, the case where modes a and b carry electromagnetic power in the same direction. It is extremely convenient to define, as was done in Section 11, A and B in such a way that I A ( z ) 1' and 1 B ( z ) I' correspond to the power carried by mode Q and mode b , respectively. The conservation of total power is thus expressed as
which, using (20), is satisfied when
If boundary conditions are such that a single mode, say b , is incident at z = 0 on the perturbed region z > 0, we have
Subject to these conditions, the solutions of (20) become
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Under phase-matched condition (A = 0), a complete spatially periodic power transfer between modes a and b takes place with a period n l~ :
A plot of the mode intensities ( a 1' and I b 1' is shown in Fig. 4 . This figure demonstrates the fact that for phase mismatch 1 A 1 >> I Kab I the power exchange between the modes is negligible. Specific physical situations which are describable in terms of this picture will be discussed further below.
C. Contradirectional Coupling
K
In this case the propagation in the unperturbed medium is described by In this case we take the mode b with an amplitude Bo to be incident at z = 0 on the perturbation region which occupies the space between z = 0 and z = L . Since mode a is generated by the perturbation we have u(L) = 0. With these boundary conditions, the solution of (29) is given by cosh and sinh functions in (31), the incident mode power decays exponentially along the perturbation region. This decay, however, is due not to absorption but to reflection of power into the backward traveling mode u. This case will be considered in more detail in Section VII, where we discuss coupling by waveguide corrugations and distributed feedback lasers.
D. The Coupling Coefficient
The general behavior of the two coupled modes is described by (24) and (30) for the case of codirectional and contradirectional coupling, respectively.
The form of these equations is independent of the numerical magnitude of the coupling coefficient K . The latter, however, determines the interaction strength or, in practice, the distance over which a given fractional power exchange between two modes takes place.
Consider coupling between, say, a TE mode
[s 11
where SZd-', and K = I K = * I .
_ _
Under phase-rnatching conditions (A = 0 ) we have 
where A and B are the power-normalized mode amplitudes. The (+) and (-) superscripts refer to forward and backward waves, respectively, and &,,(x) and Jf,,(x) are the normalized mode profiles as given by (8) and (1 5). The wave equation for the perturbed case is
case is shown in Fig. 5 . For sufficiently large arguments of the where Ppert represents the deviation in the medium polarization where, in this case, Ppert(r, t ) is a polarization arising from the interaction of field of the TM mode, b + ( x , z , t ) , and the medium perturbation responsible for the coupling of the two, otherwise independent, modes. This perturbation can be due, as an example, to a traveling sound wave, mechanical corrugations, an induced electrooptic birefringence, or magnetooptic Faraday rotation. Now synchronous exchange of power (i.e., one which does not fluctuate in time or space) requires that the exponents on both side of (35) be equal. Since this will not occur in general for both A ( -) and A (+I, coupling will take place from the forward TM mode to either A (-) or A ('1. This last statement can be expressed analytically, by comparing (35) to ( 2 0 ) , which gives
[Ppe&, t)l y 8 F ) ( x ) d x . (36)
In cases of interest to us 1 A+ 1 >> I A-I or vice versa, and coupling is limited to the pair of modes for which A is small.
When we come to apply (36), as we will in the following sections, we find that Ppert(r, t ) is proportional to B+(z)eiwa'so that ~b b is a constant.
E. Coupling b y a Periodic Perturbation
Coupling of modes by a spatially periodic perturbation in refractive index is pertinent to a number of topics in guided wave optics, including grating couplers, directional couplers, distributed feedback lasers, and diffraction modulators. It will be assumed that the perturbation is periodic in the z direction. In the unperturbed case, the square of the refractive index is given by n i ( x ) and, in the perturbed case, by ng(x) + A n 2 ( x , z ) . For coupling of two TE modes of a planar waveguide, the perturbation polarization is
where E y is given by EY =A&$?)(x)ei(Wf-&z) + B&y)(x)ei(Wf-@bZ) (38)
In the case of a sinusoidal surface ripple extending from x = -a to x = 0, we have
where A is the period of the ripple, and n , and n 2 are the refractive indices on either side of the surface. The unperturbed surface is represented by the plane x = 0. Substituting this result into (36), and assuming that a is small, leads immediately to the result For a straight-walled corrugation of period A and depth a , the perturbation in refractive index can be written A n 2 ( x , z ) in the limit of small a , where t is the waveguide thickness and h is the free-space wavelength. It is assumed that the mode is strongly guided. This expression is referred to in the treatment of distributed feedback lasers (Section VII).
Another case of interest is that in which the perturbation is uniform in the x direction. For a sinusoidal index variation in they direction, of infinite extent, the index variation is
where q is the amplitude of the Perturbation. Substituting this into (37) and combining with (36) yields
Because of the orthogonality condition (131, coupling in this case will occur on1 between modes of the same order, that is,
. r Evaluation of (46) yields
The propagation vectors pa and fib for the coupled modes will be equal in magnitude, but have a different angular orientation in the y -z plane, as determined by the condition that the waves be synchronous in the y direction: @a)y = (Bb)y f (2nlA). This point will be developed further in Section VI.
The coupling between two modes with propagation vectors 0, and &, will be strongest if the phase-match condition A = 0 is satisfied, where for lth-order coupling ( I = 1 for a sinusoidal perturbation). Codirectional coupling will occur if and have the for the magnitude of the coupling constant.
same sign, and contradirectional coupling, if these quantities are of opposite sign. Solutions to the coupled-mode equations for these two cases are given by (24) and (30), respectively.
IV. DIRECTIONAL COUPLING
.Exchange of power between guided modes of parallel waveguides is known as directional coupling. It is anticipated that waveguide directional couplers will perform a number of useful functions in thin-film devices, including power division, modulation, switching, frequency selection, and polarization selection.
If two coupled waveguides have equal propagation constants (synchronous case), complete transfer of power from one waveguide to the other is possible; if the propagation constants are unequal (asynchronous case), only a fraction of the power initially propagating in one waveguide can be transferred to the other. Theoretical treatments of both synchronous [431, [44] , [48] and asynchronous [49] Waveguide coupling can be treated theoretically by coupledmode theory. Consider the case of the two planar waveguides illustrated in Fig. 6 . Refractive index distributions for the two guides in the absence of coupling are given by na(x) and nb(x). The transverse electric field distribution for a particular guided mode of waveguide u and a particular mode of waveguide b will be denoted by &y) and 8jb), and the propa- The preceding discussion assumes that only two waveguides are involved in the coupling, but coupled-mode theory can also be applied to problems involving more than two waveguides. In the case of an array of equally spaced, synchronous waveguides, the coupled-mode relations are 
V. INPUT-OUTPUT COUPLING
Efficient coupling of light into and out of a thin film is an important consideration in guided wave optics experiments and devices. Three commonly used coupling techniques are illustrated in Fig. 8 . Efficient coupling by the "end-fire" technique [ Fig. 8(a) [57] - [60] . In this case, the phase-match condition is where n l is the refractive index of the air or other medium in which the incident beam propagates, A is the grating period, and 2 is the diffraction order of the grating (an integer). Light is coupled either through the top surface of the film, as il- A feature which is common to both prism and grating couplers is that, in both, power is exchanged between a guided mode and a continuum of modes. In the grating coupler, the continuum consists of the radiation modes of the waveguide itself. In the prism coupler, the continuum modes comprise the angular spectrum of plane waves which can propagate in the uniform material of the prism. Equations which describe coupling from one mode to a continuum are where K~~~ is the coupling constant, A p and B are the respective mode amplitudes for continuum and guided modes, fi and Po are the propagation constants, and up is the mode density (number of modes per unit fi) for the continuum. The plus and minus signs in the second equation refer, respectively, to contradirectional and codirectional coupling. The expression ( 5 9 ) is simply a generalization of ( 2 0 ) , which describes coupling between two modes.
Since the interaction in the case of the grating coupler involves modes of the same waveguide, the calculation of the coefficients K B~ follows the treatment of mode coupling by a surface corrugation, given in Section 111-E. The prism coupler, on the other hand, can be thought of as two parallel waveguides, in which one of the "waveguides" (the prism itself) is of infinite extent and will thus support a continuum of guided modes. In either case, if the incident wave travels in a medium of refractive index n o , the mode fields in that The preceding arguments are valid for the grating coupler if only one set of guided modes, corresponding to one grating order, is involved in the coupling. If coupling to other grating orders is significant, the efficiency for input coupling is reduced. These undesired orders have been effectively suppressed or eliminated in experimental devices by using a thick ''Brag'' grating [ 6 1 ] and by employing a grating with a short period for contradirectional coupling to substrate radiation modes [ 621 .
Thin-film optical waveguide modulators may find widespread application in communications and information processing systems because of their high bandwidth, low electrical power requirements, and compatibility with other thin-film components. These devices consist of a dielectric waveguide and an appropriate electrode structure.
An applied electric or magnetic field or an acoustic wave alters the dielectric tensor of the material in such .a manner as to change the amplitude, phase, or frequency of the guided light wave. Materials used to date have included semiconducting 111-V and 11-VI compounds, LiNb03, and nitrobenzene liquid for electrooptic devices, garnets for magnetooptic devices, and glass films on quartz and LiNb03 substrates for acoustooptic devices. This section wiU consider the theory, fabrication, and performance of the various types of waveguide modulator.
A . The Dielectric Tensor
The elements of the dielectric tensor 7 satisfy the relation where i, j = 1,2,3, the X I ' S are Cartesian coordinates, and eo is the permittivity of free space. In discussing bulk modulators, it is convenient to choose the principal coordinate system such that 7 is diagonal in the absence of the interaction. An element of 7is written where E?) is the diagonal element in the unperturbed case, and Aeij is the induced change. A change in the dielectric tensor induced by an applied electric field E is expressed in terms of the elements of the electrooptic tensor rijk as In the acoustooptic case, the corresponding relation is where Pijkl is the photoelastic tensor element and Skl is an element of the strain field of the sound wave. In the magnetooptic case, with the modulating field directed along the z axis, the dielectric tensor has the form E,
where the offdiagonal elements ki6 are induced by the applied field.
In discussing modulation in waveguides, it is usually convenient to use coordinates {x:} appropriate to the geometry of the waveguide, which may not correspond to the principal coordinates of the bulk crystal. The relation ( 6 8 ) can be used to transform the dielectric tensor from one set of coordinates to the other. Finally, it is evident from ( 3 4 ) that the relation between an induced change in the dielectric tensor and a 
B. Waveguide Modulation
Thin-film modulators can be classified according to the manner in which a change in the dielectric tensor A~i j affects the propagation of power in waveguide modes. For example, a phase grating set up in the medium by an electrooptic or acoustooptic interaction can diffract a guided light beam.
In the following discussion, the devices which have been demonstrated or proposed are divided into these categories: 1) relative phase control, 2) polarization rotation, 3) grating diffraction, 4) waveguide cutoff, 5) interguide coupling, and 6) attenuation.
In the relative phase modulator, the phase of guided modes of one polarization is changed with respect to that of modes of orthogonal polarization. The phase change results from a perturbation which affects the expectation values, in some coordinate system, of diagonal elements of the dielectric tensor. No coupling between modes is involved. For example, the differential equation of the amplitude of the mth TE mode of a planar waveguide is, from (35) Bulk electrooptic modulators [ 671 are relative phase devices, and the same principle has been used in the thh-film configuration. Fig. 9(a) is a schematic illustration of such a de- vice. A linearly polarized light beam is coupled into a waveguide in which the relative phase of orthogonal polarization components is controlled by an applied electric field. The phase-modulated output from the waveguide becomes intensity-modulated upon passing through an analyzer, which transmits only a selected polarization component. If the polarization of the output beam is oriented at 45' to the principal axes, and the analyzer is set to pass light with the same polarization as the input beam, the intensity Z of the modulated output is (77) where Zm is the maximum intensity. An induced relative-phase change .of f n radians is required for 90' rotation in polarization, giving rise to complete intensity modulation. For intermediate values of the phase change, the light emerging from the waveguide will be elliptically polarized. The phase difference is proportional to the interaction length and, in the Linear electrooptic crystals generally used for these devices, to the applied electric field. Waveguide electrooptic modulation was first observed a decade ago in diffusiondoped GaP diodes In the polarization rotation modulator, power is exchanged between modes of orthogonal polarization, which are coupled via the offdiagonal elements of the dielectric tensor. We consider coupling between the mth TE mode and the nth TM mode of a waveguide, with respective amplitudes A , and B,.
The coupled-mode equations, obtained from ( 
If K is real, as will be the case in magnetoqptic modulation imaginary), the polarization of a linearly polarized incident beam will rotate as a function of propagation distance. If K is imaginary real), the modulation is of the relative-phase type with reference to axes oriented at 45' to the x and y axes. Thus electrooptic coupling, even by offdiagonal elements of 7, is of the relative-phase type.
In bulk magnetooptic devices, a modulating field applied in the direction of optical propagation causes a rotation in the polarization vector of the beam. The same principle has been used to obtain modulation in an epitaxial iron-garnet film on a gadolinium-garnet substrate [73] . However, in the thin-film device it was necessary to employ the electrode structure illustrated in Fig. 10 t o achieve phase-matching between TE and TM modes of the waveguide. Current in the electrodes sets up a magnetic field with spatial period A. The phase-match condition becomes with 1 an integer corresponding to the diffraction order. Over 50 percent of the power coupled into a TM mode was converted to TE modes in the experimental device. The use of a highly birefrigent prism for output coupling provided for wide angular separation of the two polarization components.,
The polarization of an optical guided wave can be altered by a shear acoustic wave which is polarized normal to the direction of optical propagation. Conversion between TE and TM modes has been produced by bulk acoustic waves in glass and in polyurethane waveguides [ 741 , [ 7 5 1 .
In the spatial diffraction modulator, a light beam is deflected by a periodic perturbation in refractive index (phase grating). The perturbation can be produced by an electrooptic, magnetooptic, or acoustooptic interaction. An important property of this grating is its momentum vector kg, which is directed normal to and coplanar with the rulings and is equal in In the collinear diffraction modulator, fli, &, and kg are all in the z direction, so that (81) is the condition for most efficient power transfer. Experimentally, exchange of power between two guided modes of a glass waveguide on a quartz substrate has been induced by a collinear traveling acoustic wave [ 7 6 ] . The theoretical treatment of mode coupling by a periodic perturbation in refractive index, which was given in Section 111-E, is appropriate to this experimental situation. In a similar experimental arrangement, illustrated in Fig. 11 , power was deflected out of a waveguide and into its substrate by a traveling acoustic wave [ 77 1. The theoretical treatment
TAYLOR AND YARIV: GUIDED WAVE OPTICS
We now consider the more general case in which pi, &, and kg are not collinear. A sinusoidal perturbation in a diagonal element of the dielectric tensor can be written as It is assumed that AeY does not vary in the x direction, a reasonable approximation for most of the noncollinear device configurations which have been reported. Based on this assumption, orthogonality of planar waveguide modes requires that the exchange of power between incident and diffracted waves involve modes of the same order. If just one diffracted wave is present, then 
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where An is the amplitude of the nth-order diffracted mode, and A0 E B is the amplitude of the incident wave. [84] , and in films of ZnO on A I 2 0 3 [85] . An experimental setup for electrooptic Bragg deflection is illustrated in Fig. 12 . In contrast to the linear electrooptic crystals, the induced index change in the liquids is a quadratic function of the applied field. Deflection of carbon dioxide laser light in GaAs using a singleelectrode Schottky bamer configuration has been observed [ 8 6 ] . Finally, an acoustooptic Braggdiffraction modulator has been fabricated by depositing a glass film on a quartz substrate, as illustrated in Fig. 13 [ 8 7 ] .
In the waveguide cutoff modulator, the applied field inhibits or enhances waveguiding. In the case of the asymmetric slab waveguide, illustrated in Fig. 1, in which n 2 -n where t is the width of the waveguide. In a planar device in epitaxial layers of GaAs, an applied electric field reduced the waveguide refractive index difference to a value below cutoff [88] . In the presence of the field, the input beam coupled into guided modes and was lost by spreading; with no field, part of the input power was confined by the waveguide. In another experiment, a voltage applied between parallel electrodes on the surface of a bulk LiNb03 crystal caused a localized increase in refractive index sufficient for waveguiding [89] . Modulation based on interguide coupling has not been demonstrated experimentally, but 
C. Modulator Power Requirements
As mentioned earlier, one of the main reasons that thin-film modulators are of practical interest is that they offer the possibility of low-power operation at wide bandwidths. The external power P , required for operating a modulator at a bandwidth B is given approximately by P, =BW 
From these results, we arrive at the following estimate for the modulation power:
where w and t are the transverse dimensions of the waveguide, and L is the modulation path length. This formula assumes coincidence between the optical guided wave and the applied field.
In the acoustooptic case, the induced index change An is related to the acoustic intensity Z by an acoustic figure of merit M = n 6 p z / p V : , where p is the appropriate photoelastic tensor element, V, is the acoustic velocity, and p is the mass 
VII. LASER SOURCES
At the present time, the most suitable sources for integrated and guided wave optics are the semiconductor injection lasers. This is due to a number of factors: 1) The basic planar epitaxial fabrication techniques used to make these lasers are very similar to those used to make a large variety of other thinfilm waveguide components.
2) The electrical current excitation is compatible for interfacing with conventional electronic circuits. 3) They can be modulated, at least up to the GHz level, by current modulation [94] . 4) The material used most commonly in these lasers, GaAsGaAlAs, is also an excellent material for fabricating a whole array of other components [95] . It has indeed been used to make thin-film waveguides, modulators, directional couplers, and detectors.
This opens the way t o the possibility of an integrated optical technology based on a single material, GaAs, and its related alloys, in analogy with the role played by silicon in integrated electronics.
The typical structure [ 51 -[ 71 used in fabricating injection lasers is illustrated in Fig. 15 . The laser mode is confined in a dielectric waveguide formed by the inner GaAs layer and the Gal -, A l x A s layers bounding it which possess a lower index of refraction. Holes injected from the p Gal-,AlxAs layer into the inner GaAs layer recombine radiatively with electrons injected from the n Gal-,Al,As layer thus providing the coherent laser radiation. The threshold 'current intensity decreases with smaller thicknesses of both the optical Confinement distance and also of the distance t o which the electrons and holes are confined.
More recent advances
[96], [97] use additional layers for improved electron and optical confinement. Continuous operation with lifetimes of a few thousand hours has been demonstrated [98] . These lifetimes will have to increase by at least an order of magnitude before these A recent development which addresses itself to a possible solution to these problems is that of the corrugated waveguide laser [ 131 . Such a waveguide is illustrated by Fig. 16 . The feedback necessary for laser oscillation is provided, not by the conventional end reflectors, but by a series of corrugations separated by half a wavelength which, in a manner equivalent to a multilayer dielectric mirror, reflect a propagating mode, thus coupling the forward and backward modes. The principle involved here, one of distributed feedback, was formulated originally by Kogelnik and Shank [ 121 and applied by them to dye lasers.
To understand the principle involved in this class of lasers we may go back to the problem of contradirectional coupling considered in Section 111. If the coupling between the forward and the backward modes is due to surface corrugations, the coupling coefficient is given by (44) .
The coupled-mode equations become A is the period of the corrugation.
Since here we deal with amplifying media rather than with a passive guide, a is the distributed gain constant. 
which can also be written as
As an example consider the high gain case a >> K . Equation The threshold gain value am of a given mode m is derived by equating the amplitudes on both sides of (107). In the limit a r > > K , it is 1 1 1 ) .
VII. CONCLUSIONS
The topics covered in the balance of this paper include the main concentration of research to date in guided-wave optical phenomena. However, there have also been several significant contributions which do not fall into the previously discussed categories. These include experimental [ practical importance. However, the field is still in its infancy, and we can expect it to be a source of rewarding research topics as well as useful components for years to come.
